We discuss the properties of massive type IIA flux compactifications. In particular, we investigate in which case one can obtain dS vacua at large volume and small coupling. We support a general discussion of scaling symmetries with the analysis of a concrete example. We find that the large volume and weak coupling limit requires a large number of O6-planes. Since these are bound for any given compactification space one cannot get arbitrarily good control over α and string loop corrections.
Introduction
Recently there has been a revived interest in dS vacua in string theory due to the so called dS swampland conjecture [1] , that says that there are no dS vacua in string theory. 1 While currently quintessence models with for example simple exponential potentials provide an observationally viable alternative to dS vacua [2, 24] , it is unclear whether such models are easier to construct in string theory than dS vacua [22] . Given that current and future experiments are testing a very interesting parameter space, namely quintessence models with V (φ) ∝ e cφ for c 1, it is of uttermost importance to better understand quintessence in string theory as well as the dS swampland conjecture.
In this paper we will not discuss quintessence but we rather focus on the dS swampland conjecture and the status of classical dS vacua in string theory. Similar to most of the swampland conjectures it is difficult to actually prove the dS swampland conjecture without a non-perturbative understanding of string theory. So a simpler avenue for progress is to try to disprove the dS swampland conjecture. 2 In order to scrutinize it let us quickly recap what it is based on: Firstly, there has been an on-going debate in the community about the viability of the existing constructions of dS vacua in string theory, in particular the KKLT [55] and LVS [56] scenarios, see [57] for a recent review. Secondly, there are no dS constructions, even phenomenological uninteresting ones in higher or lower dimensions, that are comparably as simple as AdS or Minkowski vacua (see [58] for related work). Thirdly, the authors of [1] present a large number of explicit examples that satisfy the dS swampland conjecture.
The first two points that were listed in support of the conjecture seem to be the ones where immediate progress can be made. In particular, the status of KKLT is the content of active research right now [23, 29, [59] [60] [61] [62] , so one can be hopeful that this ongoing work will ultimately lead to a consensus in the community on the status of the KKLT scenario. However, given the fact that the discussion about the consistency of the KKLT construction has started almost a decade ago [63] , it is worthwhile to simultaneously explore other dS constructions in string theory. In particular, the original dS swampland paper [1] discusses fairly simple classical flux compactifications in support of the conjecture. These construction evade the nogo theorem of Maldacena-Nuñez [64] because they allow for O-planes. Nevertheless, there are often other no-go theorems, summarized in [65] , that generalize the original no-go theorem of [66] (see [14, 67, 68] for more recent results). It was however shown that some classes of such compactification evade all no-go theorems and allow for dS critical points [13, [69] [70] [71] [72] [73] [74] [75] . These existing solutions seem to be often at strong coupling or small volume and should receive substantial α and/or string loop corrections. While there have been recent breakthroughs that show that the obstinate tachyon [76] [77] [78] [79] in these dS critical points can be removed by including anti-D6-branes [80] or by adding KK monopoles [81] , it remains unclear whether one can find dS vacua that are at large volume and weak coupling, i.e. that are in a regime in which we can trust the supergravity approximation. We address this point in this paper by discussing scaling limits of the four dimensional scalar potential.
Note added: While we were finalizing this paper we were informed that a related paper is about to appear [82] . While the motivation for the two papers is different, they both show that dS solutions at parametrically good control cannot exist in massive type IIA flux compactifications with O6-planes sources, although this seems to be possible for supersymmetric AdS vacua [83] .
Scaling limits of AdS and dS vacua
In this section we discuss the scaling limits of the scalar potential that arises in flux compactifications of massive type IIA string theory. While the full scalar potential is rather complicated, one can learn already a lot by restricting to a two dimensional slice in moduli space that is spanned by the string coupling e φ and the internal volume V 6 . In particular, if we define the following scalars
then the scalar potential takes the form
Here all A's are positive definite, except A sources and A R 6 . A H arises from integrating the NSNS field strength term, |H| 2 , in the ten dimensional action over the internal space. Similarly, the A Fp correspond to the contributions from the RR-fluxes F p . All of these terms depend on the flux quanta in a quadratic way and also on all other moduli that we are suppressing in this discussion. As sources we want to include O6-planes, D6-branes as well as anti-D6-branes. The term A sources arises from the DBI-terms integrated over the 3-cycles wrapped by these sources and therefore has the following dependence on the number of O6-planes and D6-branes:
The suppressed prefactor is positive since (anti-)D-branes have positive tension and therefore contribute positively to the scalar potential. Lastly, A R 6 ∝ −R 6 , arises from integrating the internal Ricci scalar over the internal space. It is positive, if the internal space is negatively curved and negative, if the internal space is positively curved.
A Maldacena-Nuñez type no-go theorem
Let us start out by reproducing a variant of the well-known no-go theorem against dS vacua in the absence of orientifold planes [64] . In our scalar potential above the absence of O6-planes, N O6 = 0, is not really distinguishable from the more general case with 2N O6 −N D6 −N D6 < 0. So we will be able to conclude that whenever the total number of D6-branes and anti-D6-branes is larger than twice the number O6-planes then no dS solutions can exist. To proof this we simply minimize V with respect to τ
For negatively curved manifolds with A R 6 ∝ −R 6 > 0 we see that there is no solution since all terms are negative definite. For positively curved spaces we can solve the above equation in terms of
Plugging this back into V we get
So we see that the solution is necessarily AdS. We conclude that dS solutions can only exist for a bounded range of D6 and anti-D6-branes, N D6 + N D6 < 2N O6 . 3 Note that the number of O6-planes itself is given by the number of fixed points under the orientifold projection and therefore determined by the properties of the compactification space.
Parametrically controlled supersymmetric AdS solutions
Next we consider a very interesting but also somewhat surprising feature of supersymmetric AdS vacua of massive type IIA flux compactifications that was discovered in [83] . There the authors showed that the F 4 -flux, which is unconstrained by tadpole cancellation conditions, can be made arbitrarily large. In this limit in which all F 4 -fluxes, which we denote by f 4 , are large the authors find supersymmetric AdS solutions for flux compactifications on Calabi-Yau manifolds that have parametrically large volume V ∝ (f 4 ) Let us study this interesting scaling limit in our simplified scalar potential. For CalabiYau manifolds we have R 6 = 0 and therefore A R 6 = 0. Furthermore, we take
and find that the scalar potential becomes
Thus we see that unless we make the F 2 -and/or the F 6 -fluxes large, they will become irrelevant in this limit. However, as was shown in [83] the F 2 -and F 6 -fluxes essentially only affect the values of the B 2 and C 3 axions at their minimum but they are not relevant for the actual stabilization of non-axionic moduli. So all the terms that are needed in order to stabilize the moduli survive in this scaling limit (as expected from the results in [83] ). Note that in this limit we can leave the number of O6-planes N O6 , as well as the H-and F 0 -fluxes small. These are all three tied together via the tadpole condition, which reads for all 3-cycles Σ K in integer 3-homology
So it seems that even for very small numbers of O6-planes, there exist supersymmetric AdS solutions with arbitrarily good control over all corrections. Such AdS 4 solutions should have CFT 3 duals with unusual properties, some of which have been studied in [86] . We will not be able to add anything new to this but we would like to point out that in the presence of curvature the large F 4 -flux limit is obstructed. Let us again look at the scalar potential in the limit
2 but this time we include the curvature term A R 6
(2.8) We see that the potential in the large f 4 limit has only a single leading term and therefore leads to a runaway forτ andρ. This means no vacua can exist in this limit. The curvature contribution vanishes for large ρ and τ since it scales like A R 6 /(ρτ 2 ), however, in this particular limit of large F 4 -flux it does not vanish as fast as the other terms and hence it actually dominates the potential.
One might worry that localizing the O6-planes leads to backreaction effects that effectively introduce curvature. However, such a backreaction due to warping will change the identification of the moduli and the scalings in the effective potential, so that one cannot reach such a conclusion without a proper understanding of the warped effective field theory in these models. The general expectation is that corrections due to warping should become negligible for large volume and weak coupling so one would actually expect that these parametrically controlled AdS vacua cannot get destroyed by backreaction effects. 5 
Controlled dS vacua?
Now we would like to study the existence of dS vacua in the controlled regime of large volume and weak coupling. First we recall some simple no-go theorems [65, 70, 87] that forbid dS vacua in these setting for vanishing mass parameter, i.e. A F 0 = 0, and/or for vanishing or positive curvature A R 6 ≤ 0. Let us look first at the case without mass parameter, which can in principle be lifted to M-theory. If we set A F 0 = 0, then we find from equation (2.2) that
So we see that dS extrema cannot exist, since they would require V > 0 and
It is also instructive to calculate the lower bound on the first slow-roll parameter, which requires us to know the kinetic terms for ρ and τ . These can be obtained from dimensional reduction and are given by [66] 
where the dots correspond to all the other scalar fields and the scalar potential. Thus we find
Using equation (2.9) we then find
Minimizing the right hand side with respect to τ ∂τ V V , one finds the bound ≥ . Similarly, for the case with A R 6 ≤ 0, one finds that (−ρ∂ ρ − 3τ ∂ τ )V ≥ 9V , which after some algebra implies that ≥ 27 13 [66] . Thus, we can never find dS vacua in these setups unless we have a mass parameter and a compactification space with negative curvature. Now we want to address the important question, when can we find solutions at large volume and weak coupling, i.e. at ρ, τ 1? We have seen in the previous subsection that the large F 4 -flux limit that was present for AdS vacua obtained from compactifications on Calabi-Yau manifolds is obstructed in the presence of curvature. However, this does not mean that there cannot be another limit in which one can go to large volume and weak coupling.
We have seen above that dS vacua require A sources > 0, A F 0 = 0 and A R 6 > 0. Let us make the two moduli simultaneously large by scaling them as follows ρ ∝ λ cρ and τ ∝ λ cτ for λ → ∞. If we keep A sources , A F 0 and A R 6 fixed in this limit, then we find that the corresponding three terms in the scalar potential never scale the same way, since this would require the following conditions 3c τ = 4c τ − 3c ρ = 2c τ + c ρ to have a non-trivial solution for c τ and c ρ . However, the only solution is the trivial one, c τ = c ρ = 0, in which case the volume and dilaton do not scale. Thus we find that there are no dS vacua at parametrically large volume and weak coupling, if we keep A sources , A F 0 and A R 6 fixed. This is because, per the conditions above, all three terms needed to stay relevant in the large volume and weak coupling limit, which is impossible. Now we want to ask which fluxes and/or sources we have to change in order to find controlled dS vacua. For that purpose we recall first that all terms in the scalar potential are quadratic in the flux quanta [88] , with the curvature term being quadratic in the so called metric fluxes ω. The only exception here is A sources ∝ 2N O6 − N D6 − N D6 which is linear in the number of O6-planes and (anti-)D6-branes. However, using the tadpole condition that for spaces with metric fluxes ω has the schematic form
, one can in principle replace this term proportional to the right-hand-side of the tadpole equation, with a term that is quadratic in the fluxes, i.e. the left-hand side of the tadpole equation. For us it does not matter whether we do this replacement but we notice that due to the tadpole −2N O6 + N D6 + N D6 has to scale like (ω · F 2 + F 0 H). This means that the above result in the previous paragraph is actually generic: −2N O6 + N D6 + N D6 has to be negative and N O6 is fixed by the particular orientifold projection to a finite number that cannot be scaled to become arbitrarily large. The tadpole condition then generically fixes F 0 and ω to be of the same order, which means that A sources , A F 0 and A R 6 are generically fixed and not too different.
There is one loop-hole to the above generic statement. It is in principle possible to have √ 2 (ω · F 2 + F 0 H) = −2N O6 + N D6 + N D6 smallish but both terms ω · F 2 and F 0 H can become large, if they have opposite signs and cancel almost exactly. Let us study this limit by also allowing the scaling A H ∝ λ c H , A Fp ∝ λ c Fp and A R 6 ∝ λ c R 6 . The requirement that the three terms in the scalar potential involving A sources , A R 6 and A F 0 scale in the same way amounts to
Solving the first equation, we find
Plugging the above in the second equation we find
This is actually a contradiction. The reason for this is that all the terms are quadratic in the fluxes, which we can make large. However, all fluxes are bounded from below by turning on a single flux quanta, so we cannot make them small. So if c F 0 and c R 6 are positive then we find that we would need c ρ to be negative. This then would imply that the volume V = ρ 3 ∝ λ 3cρ = λ −3|cρ| shrinks in the λ → ∞ limit. So in summary, we have shown that no dS vacua with parametric control over α and string loop corrections exist in this particular setup. However, this does not mean that one cannot find dS vacua with somewhat large volume and small string coupling. To achieve this one would need to have some freedom in establishing small hierarchies between the different A's. This seems not really possible in models with a single O6-plane on each 3-cycles, like the ones studied in [89] , 6 since then usually the H-flux and F 0 -flux are fixed to be one or two as well. However, for more complicated compactifications the number of fixed points under the orientifold projection can certainly be much larger and we would like to determine how this should allow us to find dS vacua at large volume and weak coupling.
Above we kept A sources fixed, which led us to an inconsistency, if we want to have the same scaling for the terms of A F 0 , A sources and A R 6 in (2.2) and also wanted to satisfy the tadpole condition. Now we will also allow the source term A sources ∝ λ cs to scale, corresponding to allowing for a large number N O6 of O6-planes. Plugging this into the scalar potential (2.2) we then find that A F 0 , A sources and A R 6 scale in the same way with λ, if
From the tadpole condition √ 2 (ω·F 2 +F 0 ·H) = −2N O6 +N D6 +N D6 we find that generically we have to satisfy 17) where the factors of 
It is now interesting to check how the volume and the string coupling scale with the number of O6-planes. We have that ρ = V Note, that our discussion above neglects all order one coefficients that might or might not help in obtaining large volume and weak coupling solutions. Either way it seems clear from our results that a large number of O6-planes would be desired in order to find trustworthy dS solutions. In the next section we will study an explicit example in which we have analytic control over the solutions and we will reproduce the above scalings with the number of O6-plane including all order one factors. Before we do that we would like to recall which other ingredients could be added in these setups.
Other ingredients
There are many other ingredients one can include in flux compactifications of massive type IIA. Similar to the fluxes, where the absence of one flux seems very special, one expects that the most generic compactification is the one with all possible ingredients included. However, each ingredient we add makes the compactification more complex, leads to more complicated backreaction effects and introduces potentially new degrees of freedoms (like the ones localized on branes). Therefore, the approach above should be understood as the search for a minimalistic compactification that could give rise to dS vacua.
In particular, natural ingredients to add might be NS5-branes or KK-monopoles. After all, we are including the corresponding fluxes so it seems natural to allow for the sources as well. Here the scaling for NS5-branes, NSO5-plane, KK-monopoles and corresponding KKO-planes is (see for example [90] for the explicit expressions)
where all the A's are positive. We are not planning to add any of these, however, since it was discovered recently that KK-monopoles can lead to seemingly stable dS solutions [81] , we will re-analyze our scaling limit results above in the presence of KK-monopoles. This task is actually trivial. The KK-monopoles or the corresponding KKO-planes scale in exactly the same way as the curvature. This means that, at the level of the overall volume and string coupling, there is no actual difference in the scalar potential, if we add them. We simply group together A R 6 , A KK and A KKO as a new effective curvature term A R 6 = A R 6 + A KK − A KKO . Then our results from above apply and dS vacua can only exist, if the new effective curvature term is positiveĀ R 6 > 0. Likewise, we find that the dS solutions with KK-sources that were discovered in [81] suffer from the same absence of a parametrically large volume and weak coupling limit as the ones without these sources. However, again a large number of O6-planes could lead to controlled solutions.
Let us also discuss the inclusion of NS5-branes and the corresponding NSO5-planes. These introduce genuinely new terms in the scalar potential. 7 If we group as above, the potential KK-sources together with the curvature, then the scalar potential takes the form
Now we minimize with respect to τ
p=0,2,4,6
A Fp ρ p−3 τ 5 + 3
This is solved by
Substituting this back into the potential we find
We see that we again need to impose A sources ∝ 2N O6 − N D6 − N D6 > 0 in order to have V > 0. This means we still need O6-planes as negative tension objects, despite having allowed for NSO5-planes with negative tension. Similarly, one can check that the inclusion of only NS5-branes still forces one to have A F 0 = 0, since otherwise (−ρ∂ ρ − τ ∂ τ )V ≥ 3V . However, it seems that the inclusion of net NSO5-planes, i.e A N SO5 > A N S5 allows for vanishing mass parameter (A F 0 = 0) in type IIA, while in principle still allowing dS vacua. This is an 7 It would be interesting to check whether these can remove the obstinate tachyon or whether that is only possible by adding anti-D6-branes [80] or KK-monopoles [81] .
interesting point that deserves further study since solutions without mass parameter can be lifted and studied in M-theory. With regards to the curvature we only find the constraint that a net number of NSO5-planes, A N SO5 > A N S5 , is not compatible with positive or zero curvature, A R 6 ∝ −R 6 ≤ 0, since in that case (−ρ∂ ρ − 3τ ∂ τ )V ≥ 9V . Keeping that in mind, the relevant terms for the scaling come from the internal curvature term, the O6-planes in the term A sources and the NSO5-planes. The relevant part of the potential we consider is 27) where the number of O6-planes and NSO5-planes is fixed. In the scaling limit this then gives the conditions
which yields c τ = 2c ρ and
In the scaling limit λ → ∞ for c ρ > 0 this then implies A R 6 ∝ −R 6 ∝ λ c R 6 = λ −cρ → 0. Since the curvature R 6 is fixed for a given manifold and cannot become parametrically small, this prohibits dS solution with parametric control. Thus a small, fixed number of NSO5-planes is not sufficient to improve our situation. 8 There are several other ingredients that have appeared in the literature. In particular, it has long been known that the inclusion of so called non-geometric Q-and R-fluxes can lead to stable dS vacua [91] [92] [93] [94] [95] [96] . These fluxes scale like
(2.30)
There exist by duality also the corresponding sources for these fluxes. However, since these compactifications are non-geometric it is unclear how one can control α corrections after including these fluxes or sources. While the most commonly studied compactifications of massive type IIA are on SU(3)-structure spaces that have no 1-and 5-cycles, one can for other compactification spaces in principle also include Dp-branes and Op-planes for different values of p. These scale as follows
Other ingredients that have appeared in the literature [90] and that can be supported by certain compactification spaces are fractional Wilson lines and fractional Chern-Simons invariants.
An explicit example
We would now like to complement our fully general analysis above with a simple concrete example. The example is the so called isotropic compactification of massive type IIA on
This model has been studied in [13, 69-71, 73, 77-81, 97-100] and is probably the simplest non-trivial example that gives rise to dS critical points and potentially even to stable dS vacua, if one includes anti-D6-branes or KK-monopole sources [80, 81] . The model is the familiar 'STU'-model that has three complex moduli. These arise from a compactification on T 6 /Z 2 × Z 2 , if we identify the three T 2 's in T 6 . In our model we include metric fluxes, which effectively amounts to changing the internal space to S 3 × S 3 . We also turn on H-flux, F 0 -flux and F 2 -flux. The F 4 -and F 6 -fluxes can be set to zero in this model by shifting the moduli. The metric fluxes are set to one since the overall size is encoded in the real part of the Kähler modulus T . The complex structure moduli and the the dilaton are packaged with their axionic partners into two complex scalar fields that we call Z 1 and Z 2 . These moduli are connected to the above variables ρ and τ via ρ = Re(T ) and
Following [80] we will allow for anti-D6-branes that can wrap two different 3-cycles and we label their numbers by N D6,1 and N D6,2 . The anti-D6-branes spontaneously break supersymmetry and their contributions cannot be packaged into the Kähler and the superpotential W , if one only uses standard superfields. For an anti-D3-brane, it was shown that one can obtain its action by using a so called nilpotent chiral multiplet X that satisfies X 2 = 0 [101] [102] [103] . This result was recently extend to all anti-branes in flux compactifications down to 4d N = 1 [80] . The resulting four dimensional Kähler and superpotential for this model are then given by
From this one derives the scalar potential in the usual way, except that one has to set X = X = 0 in the end, since X only contains fermionic degrees of freedom and we are interested in the bosonic scalar potential:
Rescaling symmetries of the scalar potential
In this subsection we show that our model has two scaling freedoms, one of which corresponds to the one in the previous section, where we explored the possibility of a large number of O6-planes. In general we can scale all moduli and fluxes appearing in (3.1) as we want, without changing the presence of critical points and the eigenvalues of the mass matrix, as long as the scalar potential (3.2) only changes by an overall factor. Let us choose our two rescalings such that T → aT and f 0 → bf 0 for real a and b. These are the most general rescalings that change the superpotential only by an overall factor, which is required for consistency. In particular, this fixes all moduli to scale as
and likewise for their complex conjugates. Note that since Re(T ), Re(Z 1 ) and Re(Z 2 ) have to all be positive, we have to restrict to a, b > 0. Simultaneously with the moduli we have to scale all the parameters as
In terms of the superpotential and scalar potential this amounts to the overall rescalings
While such scalings change the physics by changing the value of the cosmological constant, i.e. the value of V at its minimum, they do not change the existence and properties of critical points. So it is often simpler to fix the scaling symmetries by setting certain fluxes to unity. Then one can minimize the scalar potential and once one has found an interesting critical point, one can use the scaling symmetries to set the fluxes to any desired value. Let us now make the link to the simple scaling example we discussed at the end of subsection 2.3. There we had the flux F 0 , represented here by the flux parameter f 0 , and R 6 non-scaling. This corresponds to the special case of b = 0 in (3.4). Conveniently, if we identify a = N O6 we will quickly recover our result and show that the formulations correspond to each other. For this we need to mention that V 6 ∼ Re(T ) 3 and e −φ ∼ 4 Re(Z 1 )Re(Z 2 ) 3 / √ V 6 . Using the rescalings (3.3) and (3.4) we find 6) in accordance with what we had before.
Explicit solutions
Having the explicit scalar potential in equation (3.2), we find it instructive to first map out the regions of parameter space that allow for minima with positive values of V . In principle this is rather cumbersome even for this simple model with only six real moduli. However, there are a variety of tricks that one can use and in particular, if one adds anti-D6-branes, one can actually find the analytic solution that minimizes the scalar potential.
First let us note that rescaling the moduli as well as the flux and brane parameters that we discussed in the previous subsection, only changes V and its derivatives by an overall positive constant. Thus we can for example choose the positive parameters a and b such that |f 0 | = |f 2 | = 1. Then we are left with a three parameter moduli space spanned by h, N D6,1 and N D6,2 . Now we solve ∂ Im(T ) V = ∂ Im(Z 1 ) V = ∂ Im(Z 2 ) V = 0 in term of the axionic fields Im(T ), Im (Z 1 ) and Im(Z 2 ) and find a unique solution. The remaining equations ∂ Re(T ) V = ∂ Re(Z 1 ) V = ∂ Re(Z 2 ) V = 0 are hard to solve in terms of the variables. However, the addition of anti-D6-branes makes the equations ∂ Re(Z 1 ) V = ∂ Re(Z 2 ) V = 0 linear in terms of the number of anti-D6-branes N D6,1 and N D6,2 . So we can implicitly solve them in terms of N D6,1 and N D6,2 . Similarly, ∂ Re(T ) V = 0 is quadratic in the H-flux quanta h so we can solve it in terms of h and find two branches of solutions. So this gives us an analytic solution for the critical points of V . Since we have solved the equations implicitly in terms of the parameters, this solution depends on the values of the moduli Re(T ), Re(Z 1 ) and Re(Z 2 ), which is actually a nice feature.
We are particularly interested in solutions with V min > 0 for which the six real fields all have a positive mass. We scanned through different values for the real parts of the moduli and searched for such regions. We additionally imposed that N D6,1 > 0 and N D6,2 > 0, since otherwise we would effectively have included anti-O6-planes. We have at this stage not worried about quantization of the parameters. The result of our scans are two three dimensional regions that are rather thin and that are shown in figure 1 . The smaller green region has even no tachyonic directions, if we open up the non-isotropic directions and include all fourteen real moduli.
For any of these solutions we can use the scaling symmetries discussed in the previous subsection to change the values of the fluxes and moduli. However, the tadpole condition and the fact that N O6 = 1 in this model (cf. footnote 6), prevent us from substantially changing the values of the moduli. Thus we see from figure 1 that there are no solutions at ρ =Re(T ) 1 or τ 4 =Re(Z 1 )Re(Z 2 ) 3 1. This means, consistent with our expectation from the previous section, that this model has no dS solutions in a trustworthy regime.
Having this explicit model and analytic control over the solutions, allows us to go beyond the general scaling we derived for the volume and the string coupling with respect to the number of O6-planes in equation (2.21). We can actually check what are the order one factors and whether they make it easier or harder to find solutions with large volume and weak coupling. In particular, for all the stable dS vacua shown in figure 1 we find that the volume and the string coupling scale as follows with the number of O6-planes So the order one factors are not helping in obtaining trustworthy solutions but actually make it harder. Let us again stress that in this particular setup the number of O6-planes is fixed to N O6 = 1, so that it is not a free parameters. However, the result above should provide a reasonable estimate for the number of O6-planes one needs in these compactifications to be able to suppress α and string loop corrections.
Conclusion
Given the recent interest in dS vacua and dark energy in string theory we have studied the probably simplest flux compactifications that bear the hope of giving rise to stable, trustworthy dS vacua, namely we have studied compactifications of massive type IIA in the presence of fluxes and a variety of other classical ingredients. This class of models might provide the simplest setting for improving our understand of dS space as well as the recently proposed dS swampland conjecture [1] . We have addressed the important question of when solutions of the scalar potential can arise at large volume and weak coupling, i.e. of when the solutions are trustworthy and receive negligible α and string loop corrections. We have shown that for dS vacua one cannot get parametric (i.e. arbitrarily good) control over corrections in these compactifications. On the one hand, this might not come as a surprise since there are no constructions of dS vacua that claim to have such a parametric control and there are reasons going back to Dine-Seiberg [104] , why one should never expect it. On the other hand, there is no mathematical proof that such solutions cannot exist (see for example the recent work [42, 82] ) and AdS vacua with parametric control have been found in compactifications of massive type IIA [83] . In our analysis we have allowed for all RR-and NSNS-fluxes, included curvature, O6-planes and (anti-)D6-branes as well as KK-monopoles and KKO-planes. A natural extension would be to include NS5-branes and NSO5-planes. We have shown that the latter potentially allow for dS solutions without mass parameter, F 0 . This is very interesting since such dS solutions, if they actually exist, could be lifted to M-theory.
While we cannot get arbitrary good controlled over the dS solutions, we have shown that a large number, N O6 , of O6-planes can lead to a large volume V 6 and a weak string coupling: The number of O6-planes in most of the models studied so far seems to be N O6 = 1, which explains why so far no dS solutions have been found at large volume and weak coupling. It would be very interesting to find either manifolds that allow for orientifold projections with a large number of fixed points or to show that these do not exist.
We have complemented our general analysis by the discussing of a simple concrete example, namely the compactification on the isotropic S 3 × S 3 /Z 2 × Z 2 orbifold. Isotropic means here that we set three of the Kähler moduli and three of the complex structure moduli equal so that we are only left with three complex moduli. It was recently shown that the inclusion of anti-D6-branes in the scalar potential seems to lead to metastable dS solutions [80] . We have mapped out the three dimensional parameter space of these metastable dS solutions. We find that it consist of two pieces, one of which has no tachyons even if we open up the directions that disappeared in the isotropic truncation, while the other one has tachyons in the non-isotropic directions.
To connect to the first part of the paper, we have identified in this concrete model a scaling symmetry that changes the number of O6-planes. For this model one would have to fix this symmetry such that N O6 = 1, but if one does not do that then one recovers the scaling from equation (4.1) above. Since we have an explicit model we can even determine the prefactor range for the solutions. For this model we have We leave it to the future to check whether actual compactification spaces with large numbers of O6-planes give rise to dS vacua that agree with the above result and to check whether there are actually compactification spaces that give rise to dS vacua at large volume and weak string coupling.
